Introduction
The immune system is potentially able to recognize peptide antigens expressed on tumor cells and to mount a protective immune response. 1, 2 However, tumor cells often develop multiple strategies to evade immune attack. 3, 4 One of these is represented by the production of soluble immunosuppressive factors that may prevent the proinflammatory effects of tumor-associated antigens, thus promoting T-cell dysfunction in the tumor microenvironment. Accordingly, it has been reported that cancer cells produce several ligands, such as interleukin 10 (IL-10), IL-6, vascular endothelial growth factor (VEGF), TGF-␤, and galectin-1, which function to prevent optimal T-cell activation and to induce T-cell anergy or apoptosis. [5] [6] [7] [8] We investigated here a potential role of semaphorin-3A (Sema-3A) in this function.
The semaphorin family comprises soluble and membranebound proteins that function during neuronal development, organogenesis, angiogenesis, and cancer progression. 9, 10 This family has also attracted the attention of immunologists as novel regulators of immune cell responses. 11 Various members of semaphorins act as amplifiers of the immune response, 12 whereas others, the secreted semaphorins of class 3 (Sema3) in particular, may negatively control immune functions. 13 Moreover, it has become clear that neuropilin and plexin semaphorin receptors are active in the immune system. Neuropilin-1 (NP-1), the receptor of Sema-3A, 14 is expressed by T cells and dendritic cells (DCs), and it mediates interaction between DCs and T cells through homotypic interaction. 15 Plexins, which transduce semaphorin signals either alone or in a complex with neuropilins, 16 are involved in alloantigen and peptide antigen stimulation of T cells. 17 Expression of Sema-3A, a prototype member of Sema3, and its receptors has been documented in immune-privileged organs, such as eye 18 and testis 19 and in some different cancer cells, including those of breast, 20 lung, 21 glioma, 22 and mesothelioma. 23 However, little is known about the autocrine/paracrine activity of Sema-3A in these tumors.
It was reported that Sema-3A can repress cell growth 9, 10, 23 ; therefore, we hypothesized that tumor cells may affect T-cell functions by secreting Sema-3A, and that this mechanism may contribute to the immunosuppressive environment found in tumor sites.
Materials and methods

Tumor cells, siRNA transfections, and preparation of tumor supernatants (TSNs)
The tumor cells H28, H2452, MPP89, U87GM, A549, MCF-7, SW480, HCT116, PC3, and LNCaP were previously described. 24 The Jurkat leukemic T-cell, HL60 promyelocytic leukemia cell, and Caki-1 renal cancer cell lines were obtained from American Type Culture Collection (Manassas, VA).
Sema-3A small interference RNA (Sema-3A siRNA) was designed, produced, and quality-controlled by the manufacturer (Santa Cruz Biotechnology, Santa Cruz, CA). An identical sequence, with 4 mispairs that were appropriately distributed along the sequence, was used as control (CsiRNA). Treatment of tumor cells with siRNA was done as previously described. 25 Two different concentrations (300 and 600 nM) of siRNA were used. After transient transfection, cells were washed and cultured in serum-free containing media for 48 and 72 hours. The TSNs derived from either wild-type or transfected human cancer cells were then centrifuged at 1000g for 5 minutes, concentrated (5 ϫ) with Centricon (Millipore, Bedford, CA), and collected at Ϫ20°C. Equivalent amounts of TSNs (150 g/sample) were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred on nitrocellulose membrane, and analyzed for Sema-3A protein expression by immunoblotting.
Isolation, culture, and T-cell proliferation
Human resting T cells were isolated from the peripheral blood of healthy volunteers, after their informed consent, with the use of pan T-cell isolation kits (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer's protocol. Approval was obtained from the Polytechnic University of Marche review board for these studies. The purity of T cells, evaluated by CD4 and CD8 staining, was always higher than 95%. Cells (10 6 cells/mL) were resuspended in complete RPMI 1640 medium. Anti-CD3 and anti-CD28 (Research Diagnostics, Flanders, NJ) were used at a concentration of 300 and 200 ng/mL, respectively. Human recombinant IL-2 and PMA (Calbiochem, San Diego, CA) were used at 50 U/mL and 5 ng/mL, respectively. T cells were cultured in complete RPMI 1640 medium for 5 to 60 hours at 37°C in 5% CO 2 either alone or using anti-CD3 and anti-CD28 in the absence or presence of optimal dilutions of TSNs (1:2) derived from an equal cell number of cancer cells. After indicated times, cultures were pulsed with 0.5 Ci/mL (0.0185 MBq) [ 3 H]-thymidine (Amersham, Milan, Italy) for the last 6 hours. Human recombinant Sema-3A and Sema-6A fused to human Fc fragment (Sema3A/Fc and Sema6A/Fc) were purchased from R&D Systems (Minneapolis, MN). For rescue experiments, human recombinant IL-4 and IL-10 were obtained from PeproTech EC (London, United Kingdom).
Binding of Sema-3A to T cells
T cells (5 ϫ 10 5 cells/mL) were resuspended in Walsh buffer (137 mM NaCl, 2.7 mM KCl, 1.0 mM MgCl 2 , 3.3 mM NaH 2 PO 4 , 3.8 mM HEPES, 0.1% glucose, 0.1% BSA, pH 7.4) and incubated with different concentrations of Sema3A/Fc for 30 minutes at room temperature. After washing, T cells were incubated in PBS with FITC-labeled anti-human Fc (Sigma, Milan, Italy) for 20 minutes and analyzed by flow cytometry. In some experiments, T cells were first incubated with 10 g/mL blocking anti-NP-1 antibody or a control Ab for 10 minutes. Then, T cells were incubated with Sema3A/Fc for another 30 minutes, followed by flow cytometry.
Generation of COS-7 clones and serum-free concentrated conditioned media (CM)
The plasmid coding Myc-tagged wild-type Sema-3A was described previously. 23 COS-7 cells were cultured at a subconfluence density and transfected using Lipofectamine (Invitrogen, Milan, Italy) for 4 hours. Transfected COS-7 cells were grown for 48 hours and selected, by limiting dilution, with an appropriate drug. More than 10 clones were generated. Representative clones with high (COS-7/C1) or intermediate (COS-7/C2 and COS-7/C3) Sema-3A levels were selected for the experiments. COS-7 cells transfected with vector alone (COS-7/Ϫ) were used as control. The CMs obtained from these clones were prepared as described for TSNs. Cell lysates and CMs of transfectants were screened for Sema-3A expression by immunoblotting.
Heterotypic T-cell clustering
T-cell clustering was analyzed as described 15 by using wild-type tumor cells or tumor cells that had been transfected with Sema-3A siRNA or C-siRNA. Briefly, T cells were labeled with hydroethidine (40 g/mL; Molecular Probes, Eugene, OR) for 1 hour at 37°C before mixing with tumor cells (at a ratio of 20:1). The cell mixture was then incubated for 30 minutes at 37°C. The clustering was determined by measuring the percentage of fluorescent T cells that had bound tumor cells by flow cytometry. For the NP-1 functional blocking test, the blocking anti-NP-1 antibody, a generous gift of Dr M. Tessier-Lavigne (Genentech, San Francisco, CA), was previously described. 14 The control antibody was a rabbit polyclonal anti-NP-1 antibody (clone H286; Santa Cruz Biotechnology) with a nonblocking function. 15 Labeled T cells were preincubated with these 2 antibodies (10 g/mL) for 30 minutes at 4°C and then mixed with tumor cells.
Real-time RT-PCR
Real-time reverse transcriptase-polymerase chain reaction (RT-PCR) analysis was done in a Chromo4 sequence detector (Bio-Rad, Milan, Italy) as previously described. 25 The primers sequences of SEMA3A, SEMA3B, SEMA3F, SEMA3E, NP1, IL2, IL4, IL10, and IFNG genes were determined by Laboratory Tools software analysis of Stratagene (Milan, Italy). Details of sequences and thermal cycle conditions are available on request. The amplicons of genes were between 250 and 300 bp (base pair). Data were acquired and analyzed with the sequence detector Chromo4 software (Bio-Rad, Milan, Italy).
Immunoprecipitation and immunoblot analysis
Immunoprecipitation and immunoblot were performed from whole-cell lysates as previously described. [23] [24] [25] [26] Antibodies against Sema-3A, NP-1, Raf-1, Ras, Rap-1, c-Jun, phospho-c-Jun, c-Fos, IB␣, phospho-ERK1/2, ERK1, and p38 MAPK (all by Santa Cruz Biotechnology), NFATp, p27 kip1 (Transduction Laboratories, Lexington, KY), phospho-MEK1, MEK1, and JNK1 (Cell Signaling Technologies, Milan, Italy), and phospho-p38 MAPK (New England Biolabs, Beverly, MA) were used as probes and detected using enhanced chemiluminescence (Amersham, Milan, Italy). As loading control, blots were reprobed with an antiactin monoclonal antibody (Santa Cruz Biotechnology).
Pulldown assays
Pulldown of Rap1-GTP using a glutathione S-transferase (GST)-RalGDSRas binding domain (RBD) fusion protein and Pulldown assays of H-ras-GTP using GST-Raf1-RBD fusion protein were performed with the use of EZ-Detect Rap1 and Ras activation kits (Pierce, Milan, Italy) according to the manufacturer's protocol. Briefly, 10 7 cells lysed in ice-cold lysis buffer (1% Triton X-100; 50 mM Tris-HCl, pH 7.5; 100 mM NaCl; 10 mM MgCl 2 ; 1 mM phenylmethylsulfonyl fluoride; 1 mM leupeptin; 0.5 mM aprotinin) were incubated with GST-RalGDS-RBD and GST-Raf-RBD fusion proteins coupled to glutathione agarose beads for 1 hour at 4°C. Beads were washed 3 times with lysis buffer and subjected to Western blotting by using anti-Rap1A or anti-H-ras monoclonal antibodies.
Cytokine and growth factors assays
Cytokine and growth factor production was measured and quantified by enzyme-linked immunosorbent assay (ELISA) with the following commercial kits: IFN-␥, IL-2, and IL-4 (Pharmingen, Milan, Italy); and IL-10, IL-6, VEGF, and TGF-␤ (R&D Systems).
Immunohistochemistry
Immunoperoxidase staining was performed on paraffin-embedded tissue sections from samples of human conventional clear cell renal cell carcinoma using anti-Sema-3A antibody (1:500), anti-NP-1 antibody (1:500), or the same dilution of a control IgG (Santa Cruz Biotechnology). The avidin-biotin peroxidase complex was revealed by using the IHC Select Immunohistochemical Detection System kit (Chemicon, Milan, Italy) according to the manufacturer's instructions. Sections were examined using an Olympus BX60 microscope and a 40 ϫ/0.85 numeric aperture objective, equipped with an Olympus DP-70 digital camera (Olympus, Milan, Italy). Images were acquired using analySIS image processing software (Soft Imaging System, Münster, Germany).
Jurkat cell transfection and luciferase assays
To evaluate IL-2 transcription, Jurkat cells were electroporated at 960 F and 250 V using a Bio-Rad Gene Pulser with a constant amount (10 g) of the reporter construct of luciferase driven by the 2-kb (kilobase) IL-2 promoter-enhancer as described. 26 Forty hours after transfection, 5 ϫ 10 5 cells were divided into aliquots into separate samples and cultured for 6 hours either with anti-CD3 ϩ anti-CD28 alone or with increasing concentrations of Sema3A/Fc, then luciferase activity was measured as described. 24 In some experiments, Jurkat cells were transfected with equal amounts (40 g) of pcDNA1.1/amp empty vector or vector containing Rap1-DN cDNA as previously described. 27 The retroviral Babe-puro-HaRasV12 and pBabe empty vectors were a generous gift of Dr Geoffrey J. Clark. Infection of cells with retroviral constructs and culturing of transduced cells were performed as described. 28 In all experiments the transfection efficiency was normalized by cotransfection with pcDNA1.1-lacZ and assay for ␤-galactosidase expression.
Cell-cycle analysis
For cell-cycle analysis, cells were permeabilized by adding 0.1% Triton X-100 and incubated with 0.2 mg/mL RNase A (Sigma). Then, T cells were stained with 50 g/mL propidium iodide (Sigma), and the DNA content was analyzed by flow cytometry as previously described. 24 
Mixed lymphocyte culture (MLC) assay
Peripheral blood lymphocytes (PBLs) obtained from the blood of recipients were isolated by density gradient centrifugation over Ficoll-Hypaque. PBLs (10 6 /mL) were stimulated with allogenic gamma irradiated (30 Gy [3000 rad]) PBLs at a responder-stimulator ratio of 1:1. Media consisted of RPMI 1640 medium containing 15% normal human serum, 2 mM L-glutamine, 10 mM HEPES, and 100 g/mL antibiotic-antimycotic solution. After 6 days of incubation, the cells were harvested, washed twice, and used as effector cells in a 4-hour 51 Cr release assay that was carried out as previously described. 29 The erythroid/myeloid cell line K562 (ATCC) was used as target cells.
Statistical analysis
All values were expressed as mean Ϯ SEM of no less than triplicate measurements of 3 independent experiments. Comparison of results between different groups was performed by 1-way analysis of variance, paired t test, and ANOVA using StatView 5.0 (NET Engineering, Pavia, Italy). A P value of no more than .05 was considered statistically significant.
Results
Sema-3A is expressed by human cancer cells
Sema-3A production was assessed in a variety of human tumor cells. In concentrated serum-free TSNs of human mesothelioma (H28, H2452, MPP89), astrocitoma (U87GM), kidney (Caki-1), lung (A549), breast (MCF-7), colorectal (SW480, HCT116), and prostate (PC3 and LNCaP) cancer cells, 2 bands were detected by Western blot analysis: one corresponding to a molecular weight of 95 kDa, representing full-size Sema-3A, and another band of 65 kDa, corresponding to proteolyticprocessed Sema-3A ( Figure 1A ). This was in contrast to TSNs derived from a human T-cell leukemia cell line (Jurkat), promyelocytic leukemia cell line (HL60), resting T cells purified from adult peripheral blood (T cells), and human fibroblasts (F1), which had undetectable Sema-3A protein levels ( Figure 1A ). In addition, we detected the presence of full-length Sema-3A in immunoprecipitated whole-cell lysates from different tumor cells ( Figure 1B ). Unlike Jurkat, HL60, T cells, and F1 cells, cancer cells expressed Sema-3A mRNA with a maximum expression observed in H28 and Caki-1 cells ( Figure 1C ). We also examined the mRNA and protein levels of Sema-3A receptor NP-1. All cell lines, including Jurkat and T cells, expressed NP-1 ( Figure 1B-C) .
Sema-3A and NP-1 were also expressed in freshly isolated tumors from patients with clear cell renal cell carcinoma, as demonstrated by Western blot (not shown) and immunohistochemistry analysis ( Figure 1D ). These results confirmed that Sema-3A and NP-1 are coexpressed in human tumor cells in vivo.
Binding of Sema3A to T cells and effects of Sema-3A on T-cell proliferation
It was reported that Sema-3A can inhibit the proliferation of NP-1-expressing cells. 9, 10, 23 We first investigated the binding of human recombinant Sema-3A (Sema3A/Fc) to resting T cells. Scarce amounts of Sema-3A and NP-1 were also detected in normal renal tissue (data not shown). Antibody localization was effected using a peroxidase reaction with 3,3-diaminobenzidine tetrahydrochloride as chromogen.
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For personal use only. on May 31, 2017. by guest www.bloodjournal.org From Sema3A/Fc bound to T cells in a dose-dependent manner and 100 ng/mL Sema3A/Fc saturates the binding to T cells (Figure 2A ). This binding is inhibited by the addition of blocking anti-NP-1 antibody (Figure 2A ), suggesting that NP-1 is the functional receptor for Sema-3A in T cells.
Next, we transfected COS-7 cells with a Sema-3A expression vector to generate different clones releasing low or intermediate Sema-3A levels in the conditioned medium (CM). Western blot analysis of CM collected from clone 1 (COS-7/C1) demonstrated the highest levels of secreted Sema-3A compared with cells transfected with empty vector (COS-7/Ϫ), whereas clones 2 and 3 (COS-7/C2 and COS-7/C3) secreted intermediate levels of Sema-3A (35% and 69% relative to clone 1, respectively) ( Figure 2B, insert) . We tested the ability of Sema-3A containing CMs to inhibit anti-CD3 and anti-CD28-induced T-cell proliferation. The amounts of Sema-3A in CMs directly correlate with the inhibition of T-cell proliferation ( Figure 2B ). Sema-3A containing CMs had no effect on T-cell proliferation induced by phorbol-12-myristate-13-acetate (PMA) ( Figure 2B ). Similar effects to CM obtained from Sema-3A-expressing clones were observed when using Sema3A/Fc (IC 50 ϳ 55 ng/mL). By contrast, Sema6A/Fc (up to 100 ng/mL), a semaphorin that cannot bind to NP-1, was ineffective ( Figure S1 , available on the Blood website; see the Supplemental Figures link at the top of the online article).
In the presence of CM derived from COS-7/C1 clones, CD3 plus CD28-mediated T-cell growth was clearly delayed, with an increase in the fraction in G 0 /G 1 phase, a proportional reduction in S and G 2 /M phase, and no detectable sub-G 1 fraction ( Figure 2C ). This treatment increased expression of p27 kip1 , a cyclin-CDK inhibitor that is a hallmark of the G 1 phase accumulation ( Figure  2D ). By contrast, the treatment with CM derived from COS-7/Ϫ cells did not affect cell distribution in cell-cycle phases and p27 kip1 expression ( Figure 2C-D) . Treatment with Sema3A/Fc had analogous effects (data not shown). Thus, Sema-3A inhibited T-cell proliferation by promoting the synthesis of a negative regulator of the cell cycle, such as p27 kip1 .
Effects of Sema-3A-containing CMs on cytokine transcription and cytotoxic activities generated in MLC
We analyzed the functional effect of Sema-3A on cytokine production by T cells. CM collected from COS-7/C1 and COS-7/C2 cells inhibited the production of IL-2, interferon-␥ (INF-␥), IL-4, and IL-10 induced by anti-CD3 and -CD28 costimulation ( Figure 3A) . Both COS-7/C1-and COS-7/C2-derived CM also inhibited mRNA expression of these cytokines as determined by quantitative real-time PCR (data not shown). In particular, they induced a significant reduction of IL-2 mRNA ( Figure 3B) . Notably, the addition of exogenous IL-2 reversed the inhibitory effect of COS-7/C1-derived CM on T-cell proliferation, whereas equimolar concentrations of IL-4 and IL-10 were ineffective ( Figure 3C ). We also assessed the effects of Sema-3A-containing CMs on the generation of cytotoxic activity from human PBLs in MLC. Unlike IL-2, CM collected from COS-7/C1 and COS-7/C2 cells inhibited the generation of cytolytic activity against K562 cells ( Table  1 ). The recoveries of the cultures in Sema-3A-containing medium were comparable and only slightly higher (10%-15%) than those of the MLC cultured in medium only (data not shown).
To analyze the mechanism(s) by which Sema-3A inhibited IL-2 production, we first transfected Jurkat cells with a reporter luciferase construct coding for the 2-kb IL-2 promoter. Treatment of these Jurkat cells with Sema3A/Fc resulted in dose-dependent inhibition of IL-2 gene transcription in response to anti-CD3 and anti-CD28 costimulation ( Figure 4A ). Sema3A/Fc affected the induction or phosphorylation of c-Jun, c-Fos and the dephosphorylation of NFATp ( Figure 4B ). Although Sema6A/Fc was ineffective, Sema3A/Fc also blocked the degradation of IB␣ induced by anti-CD3 and anti-CD28 costimulation, a necessary prerequisite for the activation of NF-B ( Figure 4C ). These data suggest that the negative regulation of IL-2 transcription by Sema-3A implicates a defective expression or transactivation of known IL-2 transcription factors.
Knockdown of Sema-3A in tumor cells increases T-cell activation
TSNs contain several soluble immunosuppressive factors. [5] [6] [7] [8] In addition, other secreted semaphorins, such as Sema-3B, -3F, and -3E, are involved in oncogenesis. 10 Sema-3B and Sema-3F were produced at very low levels by tumor cells examined and were not produced in Caki-1 and H28 cells. By contrast, detectable amounts of Sema-3E mRNA were identified in these cells (data not shown). We reduced Sema-3A expression in tumor cells with a targeted small interfering RNA (Sema-3A siRNA). After 48 hours following transfection, Sema-3A siRNA, but not a control siRNA (C-siRNA), reduced mRNA levels of Sema-3A in both Caki-1 and H28 cells. Notably, Sema-3E mRNA levels were unchanged ( Figure S2 ). Either immunoprecipitated whole-cell lysates or TSNs collected from Caki-1 and H28 cells exposed for 72 hours to Sema-3A siRNA revealed a strong inhibition of Sema-3A production and secretion ( Figure 5A ). Both Sema-3A siRNA and C-siRNA did not alter cell growth rate (data not shown) or protein expression of IL-6, VEGF, and TGF-␤ in H28 cells ( Figure 5B ), which function as immunosuppressive factors secreted by tumor cells.
We tested whether TSNs obtained from Sema-3A knockdown transfectants altered the ability of T cells to respond to anti-CD3 and anti-CD28 costimulation. Unlike TSNs obtained from Caki-1 cells transfected with C-siRNA, TSNs derived from tumor cells transfected with Sema-3A siRNA augmented the proliferative response and cytokine production of T cells ( Figure   5C-D) . Notably, addition of Sema3A/Fc, but not of Sema6A/Fc, blunted these effects ( Figure 5C-D) . Similar results were observed when we used TSNs derived from H28 cells instead of Caki-1 cells (data not shown). These results suggested that one mechanism by which tumor cells inhibit T-cell activation may be Sema-3A expression.
Sema-3A inhibits tumor-T-cell interactions and CD3/CD28-mediated activation of Ras/MAPK pathway
Because NP-1 mediates DC-T-cell clustering, 15 we analyzed whether the knockdown of Sema-3A in tumor cells increased the For personal use only. on May 31, 2017 . by guest www.bloodjournal.org From recruitment of resting T cells. Compared with H28 cells transfected with C-siRNA, T cells were weakly but significantly induced (up to 50% increase) to form clusters around H28 cells transfected with Sema-3A siRNA ( Figure 6A ). This effect was NP-1 dependent, because the addition of blocking anti-NP-1 antibody prevented cluster formation ( Figure 6A ). Therefore, tumor-derived Sema-3A can inhibit T-cell adhesion to tumor cells in a NP-1-dependent manner.
NP-1 has no intrinsic kinase activity but is associated with several coreceptors such as plexins, VEGF receptors, and integrins. 10 It probably uses these to mediate a Sema-3A signaling that interferes with other pathways. We examined the activation of extracellular signal-regulated kinase (ERK)1/2, a downstream signaling molecule in the Ras pathway essential during the interaction of T cell with target cell. 30 Sema3A/Fc inhibited CD3 plus CD28-mediated ERK1/2 activation in T cells (Figure 6B, top) . The inhibition occurred 2 to 5 minutes after the addition of Sema3A/Fc and persisted for at least 60 minutes. The inhibitory effects seemed to be specific to ERK1/2, because p38 MAPK activity was not affected (Figure 6B, middle) . We also determined the effects of Sema-3A on MEK, an upstream kinase of ERK1/2. Sema3A/Fc, but not Sema6A/Fc, inhibited MEK activation induced by anti-CD3 and anti-CD28 costimulation ( Figure 6B , bottom). Similar results were obtained using Jurkat cells instead to primary T cells (data not shown).
We then analyzed the activation status of Ras in Jurkat cells. Sema3A/Fc did not significantly inhibited the activation of Ras induced by CD3 alone or CD3 plus CD28 ( Figure 6C, top) . However, when we infected Jurkat cells with constitutively activated Ras (Ha-RasV12), ERK1/2 activity was not inhibited by Sema3A/Fc ( Figure S3A ). Ha-RasV12 also rendered Jurkat cells refractory to growth inhibition by Sema3A/Fc ( Figure S3B ). NP-1 was expressed at similar levels and exhibited a similar distribution in infected-Jurkat cells (data not shown), indicating that the loss of responsiveness to Sema-3A was not due to altered NP-1 expression and/or distribution. Therefore, Sema-3A attenuated the CD3 plus CD28-mediated activation of Ras/MAPK pathway and constitutively activated Ras bypassed the responsiveness to Sema-3A.
Rap1 mediates the immunoinhibitory effects of Sema-3A
It has been previously demonstrated that the small G protein Rap1 antagonizes Ras/MAPK signaling and negatively regulates IL-2 production. 26 Interestingly, we found that active Rap1-GTP levels increased within minutes on Sema3A/Fc stimulation ( Figure 6C , bottom) and were sustained for as long as 30 minutes (data not shown). Sema3A/Fc also prevents the reported decrease of Rap1-GTP levels triggered by anti-CD3 and anti-CD28 costimulation 31 ( Figure 6C, bottom) . To test the functional relevance of Rap1 in Sema-3A-mediated inhibition of Ras/Raf/MEK/MAPK signaling and IL-2 transcription, we expressed a dominant-negative Rap1 (Rap1N17) in Jurkat cells and found that this was sufficient to abrogate both effects induced by Sema3A/Fc (Figure 7A-B) .
The antagonism of active Rap1 to ERKs may be due to sequestration of active Raf-1. 26, 32 Sema3A/Fc strongly increased the association of Raf-1 and Rap1 in T cells, whereas in turn it reduced the association of Raf-1 with Ras, after anti-CD3 and anti-CD28 costimulation ( Figure 7C ). These results support the idea that Sema-3A antagonizes Ras/MAPK signaling in T cells by inducing Rap1 activation.
Discussion
In this study, we demonstrated that a signal secreted by cancer cells, Sema-3A, acts in a paracrine manner in the tumor microenvironment to inhibit the proliferation of recruited T lymphocytes and their production of immune cytokines. We further demonstrated that Sema-3A specifically increases the levels of Rap1-GTP, a negative regulator of TCR-mediated IL-2 transcription. 26 Together with data indicating that increased Rap1 activity reduces Ras/ MAPK signals and IL-2 production with accumulation of p27 Kip1 in T cells, 27 Rap1 induction by Sema-3A provides a mechanism to explain its ability to antagonize the Ras/MAPK pathway and to regulate T-cell functions.
Given the key role of IL-2 to induce T-cell proliferation and differentiation, an important consideration of the present study concerns the potential effects of Sema-3A on cytotoxic T lymphocyte (CTL) generation and/or the activity of already committed CTLs. We found that supernatants derived from Sema-3A expressing COS-7 clones inhibited the activation of nonspecific cytotoxic activity in MLC, as measured against K-562 cells (Table 1) . However, our preliminary results do not reveal significant differences in the cytotoxic activities against the specific stimulator cells of the isolated CTL clones. These findings, along with the observations reported in the present study, may suggest that Sema-3A affects the generation of CTL activity in MLCs. This point is currently under investigation.
How Sema-3A can affect T-cell activation is presently unknown. On binding to target cells, a specific large-scale molecular complex is built at target cell-T-cell interface that establishes a specialized junction, namely immunologic synapse. 33 The formation of this highly specialized tight interaction is a multistep process that begins with adhesion between these cells. 34 NP-1 is involved in initial cell-cell contact between T cells and antigenpresenting cells, probably because of the homophilic interactions. 15 Both tumor and T cells expressed NP-1, and the cluster formation between tumor and T cells increased when we reduced Sema-3A expression in tumor cells. This effect was rescued by adding a blocking anti-NP-1 antibody ( Figure 6A ). Therefore, tumorderived Sema-3A may competitively inhibit T-cell adhesion to tumor cells by perturbing NP-1-NP-1 homotypic interaction.
It may be postulated a role of the semaphorin-coreceptors plexins in the immunoregulatory activity of Sema-3A. Indeed, the intracellular domain of NP-1 is short, and apparently unable to mediate functional responses to Sema-3A. 9 Intriguingly, Plexin-A1 is a coreceptor for Sema-3A in the nervous system, 16 and it is involved in the interaction between T cells and DCs 17 ; however, we did not detect plexin-A1 mRNA in T cells by Northern blot analysis, whereas it was widely expressed in cancer cells (A.C., unpublished data, May 2005). Therefore, Sema-3A may act through other members of the plexin A subfamily in T cells. Moreover, the receptor for Sema-3A could involve additional components, as described for other family members. 10 In this study, we focused on the regulatory role of Sema-3A on Ras/Raf-1/MEK/ERK1/2 pathway, which is indispensable for cytokine production and cell-cycle progression of T lymphocytes. 27, 30 Our results showed that Sema-3A inhibits CD3/CD28-mediated activation of MEK/ERK1/2 signaling, resulting in impaired cytokine secretion and cell-cycle progression. These events were secondary to defective CD3 plus CD28-mediated activation of Ras and were not observed when proximal TCR signals were bypassed by PMA, which activates Ras, or by the use of a constitutively activated Ras. We found that Sema-3A increased the levels of Rap1-GTP and that introduction of the Rap1N17 blocked the inhibitory effects of Sema-3A on ERK1/2 and IL-2 production. It has been proposed that the antagonism of signals to ERKs by Rap1 may be due to the sequestration of activated Raf-1 by activated Rap1. 32 Consistent with this model and as previously observed, 31 CD3 stimulation of Jurkat cells activated Ras and Raf-1 For personal use only. on May 31, 2017 . by guest www.bloodjournal.org From as well as Rap1 ( Figure 6C ) promoting the association of Raf-1 with Rap1 as well as Raf-1 with Ras. By contrast, Sema-3A-dependent pathway activated Rap1, whereas it had no effect on Ras-GTP ( Figure 6C, top) and, probably, Raf-1-GTP. Therefore, the association of Rap1 and Raf-1 was not observed in the presence of Sema-3A alone ( Figure 7C ), presumably because Rap1 sequesters Raf-1 only in the GTP-loaded state. Rap1 activation is not only essential to regulate the functional coupling of T cells with antigen-presenting cells but it can profoundly affect the subsequent course of the T-cell response. 27 Thus, regulatory mechanisms implicating Rap1 activation/inactivation may be an important target to overcome T-cell dysfunction in the tumor microenvironment. Our data indicate a novel role of Sema-3A in the interaction between T cells and target tumor cells, by fine-tuning Rap1 activation in lymphocytes to curb Ras/MAPK pathway and effective immunologic responses.
NP-1 expression within tumors has been described 35 and often correlated with tumor progression. 36, 37 Previously, we and others had reported Sema-3A expression in malignant cells. [20] [21] [22] [23] Here, we showed that a number of tumor cells as well as primary clear cell renal cell carcinomas express Sema-3A and NP-1. Studies suggest that Sema-3A may regulate tumor progression (eg, affecting angiogenesis, 38 monocyte migration, 12 and tumor cell motility 20 ). However, because human tumors may express additional semaphorins that can antagonize Sema-3A-mediated effects, 10 future studies are warranted to elucidate the effect of Sema-3A on tumor progression.
In some cancer cells, such as HCT116, we identified a proteolytic-processed form of Sema-3A corresponding to a band of about 65 kDa, which was previously described as a partially inactivated form of Sema-3A generated by furinlike endoproteases. 39 However, HCT116 cell supernatants also reduced CD3/ CD28-induced T-cell proliferation (S.M., unpublished data, September 2005). This suggests that both forms of Sema-3A may have a similar inhibitory effect on T-cell activation.
NP-1 is also expressed in immune cells and endothelial cells. 15 Thus, Sema-3A may act on 2 levels during cancer progression: on tumor cells and on a variety of nontumor cells that are found in the tumor microenvironment. The data presented here indicate, for the first time, a potentially important function for Sema-3A as a paracrine negative regulator of T-cell activation, released by tumor cells. They also provide a link between the immunoregulatory properties of this protein and Rap1 activity. Therefore, our data highlight a novel molecular target for the manipulation of T-celldependent immunity with important implications for cancer immunotherapy.
